Tip-enhanced Raman scattering (TERS) microscopy is a promising technique for use in surface analysis, allowing both topographic and spectroscopic information to be obtained simultaneously at a scale below 10 nm. One proposed method to further improve spatial resolution is the use of propagating surface plasmons as an excitation light source (i.e. remote excitation). However, this requires a specialized tip that can only be fabricated via expensive procedures, such as electron-beam lithography. Here, we propose a new fabrication method for silver nanowire-based tips that are suitable for remote excitation-TERS, removing the need for such techniques. A silver nanowire was fixed onto a Tungsten-tip using a micromanipulator, before gold nanoparticles were attached in a site-specific manner using AC-dielectrophoresis. All the processes were completed using an optical microscope in the ambient. The background intensities in TERS spectra were suppressed with remote excitation relative to the conventional excitation configuration, indicating an increase in TERS sensitivity.
Introduction
The ability to fully characterize adsorbed molecules on surfaces is of fundamental importance in a wide variety of technologically relevant research fields, in order to understand how processes at the nanoscale -such as reactions and nano-patterning-come to dictate properties at the macroscale. Knowledge accumulated from this could then translate directly into applications, ranging from advances in battery technology [1] [2] [3] and solar cells to novel forms of catalysis [4] [5] [6] . The ultimate goal would be for topographic and spectroscopic data to be acquired from the same point with sub-nanometer resolution, and thus the individual contributions of molecules to be established.
Scanning probe microscopy (SPM), such as scanning tunnelling microscopy (STM) or atomic force microscopy (AFM), has been used for more than 30 years to describe the morphology of surfaces. STM in particular possesses a resolution of around 0.1 and 0.01 nm in the respective lateral and vertical directions, and thus allows routine imaging of molecules on surfaces at the atomic scale 7) . But the breadth of information such a technique can provide is limited. Different molecular species are usually differentiated by the contrast obtained in images, for which definitive signatures are limited. STM-based spectroscopy, such as scanning tunnelling spectroscopy (STS) or inelastic tunnelling spectroscopy, are powerful tools that do provide additional information, but the interpretation of such data is not always trivial. Further, it is typical for a low-temperature and ultra-high vacuum environment to be required and so their degree of applicability to 'real-world' conditions is limited.
Conversely, laser-based spectroscopies, such as Raman/IR or fluorescence spectroscopy, are widely used to investigate molecular composition, orientation and electronic or vibrational structure. Indeed, the Raman/IR spectrum of a sample strongly depends on the constituents present, meaning that the individual molecular species can be detected.
However, the spatial resolution of optical techniques is limited by the diffraction limit of light, approximated to be 0.61 ∕ , where and NA are wavelength of incident light and numerical aperture of an objective, respectively. This means that under normal conditions the maximum obtainable resolution using visible excitation light is around 200 nm, which is far from the resolution needed to investigate at the molecular scale.
Tip-enhanced Raman scattering (TERS) microscopy is a new technique developed to couple the high information content afforded by optical techniques, with the molecular level topographic information provided by SPM [8] [9] [10] [11] [12] . Here, a noble metal SPM tip is irradiated by focused laser light, leading to the excitation of localized surface plasmons resonances (LSPRs) and the introduction of the lightning rod effect, as schematically shown in Fig. 1(a) (we name this as 'direct excitation'). A high resolution of around 10 nm is made possible by the strong electromagnetic-field -which serves to strongly enhance the Raman scattering probability-generated in the vicinity of the tip 13, 14) .
One limitation with TERS is a lack of experimental reproducibility, especially with regards to tip production. The degree of TERS activity is ultimately determined by the structure at the end of the tip, and thus differs from tip to tip -even in the absence of any variability in experimental protocol. As a means to overcome this, we have recently fabricated a new type of TERS tip using chemically-synthesized silver nanowires 15) . We have previously reported that, thanks to the high-reproducibility of the end-structure of the silver nanowires due to their high crystallinity, almost 100% of fabricated tips show TERS activity. This is contrasted with results using conventional procedures (such as chemical etching or vacuum deposition), for which a very limited number of tips can provide appreciable TERS enhancement.
Several methods have also been proposed to further improve sensitivity, i.e. resolution, for example by using non-linear excitation 16) or by tuning the plasmon resonance frequency by the tunnelling current in STM mode 17, 18) . A further promising way to increase the sensitivity is exciting TERS via propagating surface plasmons, i.e., remote excitation. This can be realized if the excitation light is focused onto an appropriate coupling point (e.g. a periodic grating structure or nanoparticle/nanowire junction) away from the detection spot (tip apex), exciting propagating surface plasmons along the metal structure. We have recently observed that the background intensity in surface-enhanced Raman scattering (SERS) is suppressed with remote excitation relative to direct excitation [19] [20] [21] . This is most likely due to the smaller contribution to the overall spectra of any far-field Raman scattering or photoluminescence emanating from around the focal spot. Furthermore, Berweger et al. have demonstrated that the use of propagating surface plasmons in TERS allows not only for an increase in the sensitivity due to background suppression, but also means that TERS can be conducted in the near-IR region 22, 23) . This has been realized by focusing visible/near-IR laser to a periodic grating structure formed on an electrochemically-etched gold tip by ion-beam milling. Although this is a reliable method to conduct high sensitivity remote excitation-TERS, the requirement of high cost equipment could limit its applicability.
Furthermore, given their aforementioned reproducibility, the realization of remote excitation-TERS using chemically-synthesized nobel metal nanowires is of vital importance.
In this contribution, we report a new method for fabricating silver nanowire-based tips suitable for remote excitation-TERS (a schematic image is shown in Fig. 1(b) ). A silver nanowire on a glass surface was fixed onto a sharpened tungsten tip (W-tip) using a micromanipulator, allowing for the length of the exposed nanowire to be precisely controlled.
Gold nanoparticle (s), working as a light coupling point, were attached onto the body of the nanowire in a site-specific manner via alternating-current dielectrophoresis (AC-DEP). It is noteworthy that all processes could be completed using an optical microscope, and so cost-consuming vacuum techniques, such as focused ion beam milling, are not required.
Finally, the remote-activity of the fabricated tips was investigated. A tip was approached to a benzenethiol-modified Au(111) surface under shear-force AFM feedback, allowing TERS spectra taken using both direct and remote excitation to be compared. It was observed that the background intensity with remote excitation was much lower than with direct excitation, indicating the remote-activity of the tips.
Experimental methods

Synthesis of silver nanowire
The silver nanowires were synthesized using the polyol method as previously reported 24) .
Briefly, after heating up 5 mL of 0.15 M poly(vinyl pyrrolidone) (PVP) solution in ethylene glycol (EG) at 150 ˚C for 15 min, 40 µL of CuCl 2 (4 mM) solution in EG was injected, followed by adding 2.5 mL of AgNO 3 into EG solution drop-wisely under magnetic stirring (600 rpm). Then the solution was kept at 150 ˚C for another 1.5 h, obtaining high-yield silver nanowires. These silver nanowires were then washed with ethanol three times. Average diameter and length of silver nanowires are 90±10 nm and 10±2 µm, respectively.
preparation of sample
First, in order to remove any contamination from the surface, the Au(111) substrate (purchased from Georg Albert PVD-Beschichtungen) was flame annealed for 60 s with 1 Hz and was then cooled under N 2 atmosphere. The cleaned substrate was then immediately soaked into 1 mM benzenethiol/ethanol solution for about 12 h, before being washed with MilliQ and ethanol, and dried using N 2 .
TERS setup
TERS measurements were performed with OmegaScope TM 1000 (AIST-NT). Fig. 2 shows a schematic of our setup. Laser light from a He-Ne laser (632.8 nm) was reflected by a dichroic mirror (Chroma Z633RDC) and then focused onto the sample surface from the side (with an angle of 28˚ with respect to the sample surface) by an objective (BD Plan Apo 100x, NA 0.7). The Optical density at the sample surface was about 50 kW/cm 2 . Raman scattering was collected with the same objective and directed to a Raman spectrograph (Horiba JY iHR-320) equipped with a cooled-charge coupled device (CCD) camera operated at -100 ˚C (Andor DU920P) through the dichroic mirror, a pinhole and a long pass filter (Chroma HQ645LP). Accumulation time for all spectra were 10 s. Measurements were carried out under ambient conditions and at room temperature.
Results and discussion
Attachment of silver nanowire on W-tip
Nanowires were first spin-casted onto a hydrophobized glass cover slide [ Fig. 3 
(a)]
(see Appendix A for details of the hydrophobization procedure). This aided the process of attachment by minimising the interaction between the PVP-coated nanowires and the substrate. Pre-etched W-tips (see Appendix B for the etching procedure) were then dipped into a droplet of quick-drying glue (Appendix C), which was achieved by using a micromanipulator whilst simultaneously recording a transmission image of the end of the tip.
After observing a characteristic change in this image (i.e., decrease in transmittance), the tip was immediately withdrawn from the glue, allowing for a coating of between 50 and 100 µm to be formed around the apex. Thereafter, the glue-coated tip was positioned above a prior procedure. The nanowire was orientated in a parallel fashion relative to the W-tip, with the exposed region being around 4 µm in length. A higher magnification image of a square drawn in Fig. 3 (g) is shown in Fig. 3(h) . Indeed, the exposed length could be precisely controlled by simply changing the position at which the apex of the W-tip comes into contact with the relevant nanowire.
It was not possible to achieve an ohmic electric contact between the two metals.
Evidence supporting this is provided via SEM measurements, where it was found that some tips would break as a result of electrical charge build-up via the beam used for imaging.
Different type of glues, such as a conductive epoxy that could alleviate such an issue, were found to be ineffective for 'picking-up' the nanowires. It is likely that the surface wetness between the glues and the tungsten surface are a key factor in this process.
The adhesion between the nanowire and the W-tip was significant. The probability of detachment after dipping the tip into solution was significantly reduced (less than 10%) than when an alternative method (AC-DEP) was used (almost 50 % tips detached) 15, 21) . This also has the advantage of increasing stability against vibration during TERS measurements.
Attachment of nanoparticle onto silver nanowire
Gold nanoparticle(s) could then be fixed in a site specific manner using AC-DEP.
Dependent on the particular surfactant used, chemically-synthesised gold or silver nanoparticles exhibit either a positive or negative electrical charge 25) . Upon application of a DC (or AC) voltage between two electrodes, the particles can therefore be induced to move in a particular direction 26) . The gold particles used here were coated in citric acid, meaning Although this method is reliable -and allows for precise positioning-, the number of the nanoparticles found on the nanowire could not be fully controlled. This is most likely a result of both the difference in electrical conductivity found between the tips, as well as a variation in the separation between the two electrodes used in each case. Better conductivity and control of separation would allow for finer control of this method. Also it is noteworthy that this nanoparticle attachment process was not controllable with silver nanowire tips made with the method we have been used 15, 21) . During the AC-DEP process, nanowires often moved in solution -probably due to a longer exposed length and weaker adhesion between the silver nanowires and the tungsten surface (physisorbed) -resulting in lower reproducibility in nanoparticle attachment or indeed even in bubble formation due to heat generation induced by a short circuit.
Remote image
Rayleigh scattering was first measured, in order to evaluate whether the gold nanoparticle could act as a light coupling point. Laser light from a He-Ne laser (632. 
TERS
After verifying that emission from the nanowire end could be observed, the tip was then approached onto a benzenethiol-modified Au(111) surface under shear-force AFM feedback.
This allowed for TERS spectra to be recorded and for direct and remote excitation to be compared. Again, a He-Ne laser was used as the excitation source, and was focused either to the end of the nanowire (direct excitation), or to the position of the gold nanoparticle (remote excitation), using both polarization parallel (p-polarization) and perpendicular (s-polarization) to the long axis of the nanowire. In the case of remote excitation, the detection spot (as determined by the pinhole position in our confocal setup) was fixed at the nanowire apex, with only the position of the excitation spot being moved. deformation, and C-C stretching of benzenethiol, respectively. It was found that both the Raman and background intensities were higher with p-polarization than with s-polarization, resulting from the excitation of gap-mode plasmons between the apex of the silver nanowire and the Au(111) substrate 14, 27) . Conversely, with remote excitation this polarization dependence was reversed. Figures 6(c) and 6(d) show TERS spectra observed under remote excitation with p-and s-polarization, respectively, using the same laser power (50 kW/cm 2 ).
The spectra in Figs. 6(c) and 6(d) are multiplied by 10 times for easier comparison. Note that, with remote excitation, when the laser power is above 100 kW/cm 2 , the remote-TERS signal tends to fluctuate and indeed sometimes the nanowire was cut at the focused spot. This could be due to a temperature rise at the nanoparticle/nanowire junction upon laser irradiation.
Here, both the Raman and background intensities were higher with s-polarization than with p-polarization. This is in line with expectation, given the fact that light polarized perpendicular to the long axis of a nanowire can more efficiently excite propagating surface plasmons when a laser is irradiated at a coupling point 28) . This stronger coupling therefore leads to a stronger excitation of propagating surface plasmons travelling along the nanowire, which can thus explain the above observation.
Generally, the resolution that can be expected in a TERS experiment is directly related to the enhancement factor, EF, given by 29, 30) ≈ − 1 ,
where I tip-in and I tip-out are Raman peak intensities measured with the tip in contact and retracted, A FF is the area of the far-field laser spot, and A NF is the effective area of the TERS spot (which can be estimated from the diameter of the tip apex). From this, it can be seen that any Raman scattering or photoluminescence emanating from the region under the laser spot, but not from the region under the tip apex, will contribute to the TERS spectrum as I tip-out . As a result of this, any scatterer or emitter on the sample will typically contribute as a broad background emission and so decrease the obtainable sensitivity in a TERS image or spectrum.
However, in the case of remote excitation, this background contribution from the sample should be lower as the excitation spot is no longer focused onto the surface. Indeed, lower background intensities have been observed with remote excitation relative to direct excitation, demonstrated by both our group and other researchers [19] [20] [21] [22] [23] . A notable example of this is given by Berweger, who created a grating structure as a light coupling point on a chemically etched gold tip 22, 23) . As here, this resulted in a vertical separation of the excitation and detection spots, and led to a lower background intensity than when the laser was focused to the tip apex.
To assess this more quantifiably, background intensities of TERS spectra were compared. Figure 7 shows normalised spectra (at Raman intensity of C-C stretching peak, 1572 cm -1 ) of the direct excitation with p-polarization, remote excitation with s-polarization, and without the tip. Note that the peak height of the Raman scattering at 1572cm -1 was estimated in each case by fitting a Lorentzian function. As can clearly be seen, the TERS spectrum with remote excitation exhibits a lower background than in the other two cases. The relative background intensity is highest in the spectra where no tip is present (roughly 3 and 4 times higher than direct and remote excitation, respectively), possibly as a result of inelastic scattering/photoluminescence from surface contamination or cluster-like structures that might exist on the substrate. From these results, we conclude that the fabricated tips show activity when remote excitation is used, increasing the sensitivity in TERS.
Conclusions
We have fabricated a new type of tip which can be suitable for remote excitation-TERS measurements. The tip is made by fixing a single silver nanowire onto a W-tip using a micromanipulator equipped onto an optical microscope, after which a gold nanoparticle is site-specifically attached onto the body of the silver nanowire using AC-DEP. Compared to an older generation tip 15, 21) , the exposed length of the silver nanowire and the position of the light coupling point (nanoparticle-attached point) are fully controllable. TERS spectra measured when laser light is focused onto a nanoparticle position showed lower background intensity than when the light is focused onto the nanowire apex, proving the remote activity.
Since the tip is based on chemically-synthesized silver nanowires, a high reproducibility in TERS measurements is maintained. In addition, since the fabrication process does not require any cost-consuming equipment, e.g., focused ion beam milling, remote excitation can be realized in a cost-effective manner, thereby increasing the applicability of such tips.
Furthermore, although we have demonstrated the remote activity using TERS microscopy, we believe that this type of tip can be also useful for finer nanowire-based three-dimensional (3D) SERS microscopy, which we have recently demonstrated on a living cell 21) .
In this paper, we have shown state of the art remote-TERS activity by simply comparing spectra obtained using direct and remote configurations. However, further fundamental studies, such as a conclusive demonstration of the improvement in spatial resolution, or a determination of the dipole orientation of the surface plasmons at the nanowire end, would be of importance in order to widen the applicability of the technique. In addition, we found that the TERS signal for remote excitation was usually 10-15 times weaker than that of direct excitation. In order to therefore increase the TERS sensitivity still further, the use of structures that give a higher light coupling efficiency and prolong the propagation length of the surface plasmons would also merit investigation. Right figure (h) shows higher magnification image of the square drawn in (g). 
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